Momentum-resolved evolution of the Kondo lattice into 'hidden-order' in URu2Si2 
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We study, using high-resolution angle- resolved photoemission spectroscopy, the evolution of the 
electronic structure in URu2Si2 at the T, Z and X high-symmetry points from the high-temperature 
Kondo-screened regime to the low-temperature 'hidden-order' (HO) state. At all temperatures and 
symmetry points, we find structures resulting from the hybridization between heavy and light bands, 
related to the Kondo lattice formation. Strikingly, we find that while the HO induces pronounced 
changes at T and Z, the electronic structure at X does not change. This explicitly demonstrates 
that the hidden-order parameter is anisotropic. Furthermore, our data show that the interaction of a 
light electron band with the Kondo-lattice characterizing the paramagnetic state leads to additional, 
momentum-dependent gaping in the ordered state. In particular, in the HO state, we observe the 
opening of a gap in momentum at the T and Z points. 



The heavy- fermion URii2Si2 presents a second-order 
phase transition at Tho — 17.5 K to a 'hidden or- 
der' (HO) state of yet unknown order parameter 
The 2 7- year quest for an understanding of this tran- 
sition has triggered an extensive research (for a 
recent review, see Ref. [36[). The electronic properties 
of this material are determined by the dual 'itinerant- 
localized' character of the uranium 5/ electrons, with 
Kondo screening developing below T ~ 70 K, as inferred 
from transport data [l], Q. Earlier angle-resolved pho- 
toemission spectroscopy (ARPES) experiments indicated 
the presence, in the paramagnetic (PM) state, of an_ 
like feature at the Fermi level near the X point jsT 
while optical conductivity data showed that a Drude peak 
forms below 75 K and narrows as temperature decreases, 
consistent with metallic behaviour [39-42]. Thus, a cru- 
cial aspect of the HO is that it emerges on a pre-formed 
Kondo lattice. Indeed, recent high-resolution ARPES 
and STM experiments demonstrated that itinerant heavy 
quasi-particles participate in the Fermi-surface instabil- 
ity that leads the HO state 21, 24-26[. However, to date, 
there is no momentum-resolved picture spanning several 
high-symmetry points showing how the electronic struc- 
ture evolves from the Kondo-screened to the HO state. 

In this work, we demonstrate the existence of dis- 
tinct heavy- fermion features at the T, Z and X points of 
URu2Si2 up to temperatures close to the onset of Kondo 
screening. We show that these structures result from 
the hybridization between heavy and light bands, and 
can be thus linked to the formation of the Kondo-lattice. 
We find that the HO transition shifts the Kondo-lattice 
structures at the Y and Z points well below the Fermi 
level, while leaving unchanged the electronic structure at 
X, explicitly showing that the order parameter does not 
affect equally all the bands near Ep. Additionally, we 



observe that in the HO state, the heavy- fermion bands 
at T and Z become gapped in momentum at Ej?. We 
provide a phenomenological model to describe the elec- 
tronic structure at T, Z and X and its evolution from the 
Kondo lattice to the HO state. In particular, we show 
that a light electron band (LEB), interacting with the 
Kondo-lattice heavy- fermions, is an essential ingredient 
to understand the observations below Tho at T and Z. 

The high-resolution ARPES experiments were per- 
formed with Scienta R4000 detectors at Wiirzburg Uni- 
versity, using monochromatized He-I^ (hv = 21.2 eV, 
resolution 5.18 meV) and Xe-I (hv = 8.4 eV, resolution 
~ 4 meV) photons from an MBS T-l multi-gas discharge 
lamp, and at the UE112-PGM-lb ("l 3 ") beamline of 
the Helmholtz Zentrum Berlin (HZB) - BESSY-II using 
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FIG. 1. (Color online) Body-centered tetragonal Brillouin zone 
(black lines) and ARPES measurement arcs in momentum space 
(color lines) for photon energies of 8.4 eV (Xe-I), 17 eV, 21.2 eV 
(He-la), 21.5 eV and 31 eV. Open circles show the measurement 
points discussed in the main text. The index of each measurement 
point refers to the photon energy in eV. The arcs were obtained 
from a model of a free-electron final state with an inner potential 
Vb = 13 eV Hz|. 




FIG. 2. (Color online) (a, b) Second derivative of ARPES data at the Zsa point, at 10 K and 68 K respectively, (c, d) Second derivative 
of ARPES data at Ti7, at 1 K and 20 K respectively, (e, f) Corresponding data at the Z31 point. In panels (c) and (e), the black solid 
curves show the MDCs integrated over 5 meV around Ep. A gap in momentum ~ 0.08 db 0.01 A -1 is indicated by the red arrows. In 
all panels, the black and red dashed lines are guides to the eye for QP1 and QP2, respectively, and the measurement direction is (110). 



horizontally-polarized light at hv = 17, 21.5 and 31 eV 
(resolution 3 meV) . Measurements at different photon en- 
ergies correspond to different values of k z along (001) (43| . 
In what follows, the measurement points will be labeled 
as in Fig. [TJ The samples were cleaved in-situ along the 
(001) axis at 10 K (Wiirzburg) and 1 K (BESSY), and 
measured along the (110) (or fey) direction. The pressure 
was below 5 x 10 -11 Torr at BESSY and when using the 
Xe-lamp, separated from the measurement chamber by 
a MgF2 window, and of 5 x 10 -10 Torr when using the 
He-lamp. We checked that, apart from thermal broaden- 
ing, the spectra at 1 K and 5 K are identical, so that any 
changes that might be induced by the superconducting 
transition at 1.2 K do not affect our discussions below. 

We discuss first the evolution of the electronic struc- 
ture near Ep across the HO transition at different high- 
symmetry points. Figures [2fa, b) show the electronic 
structure at Z^a as second derivatives of the ARPES data 
in the HO (10 K) and PM (68 K) states (the raw data and 
details of the second derivative calculations are presented 
in the Supplemental Material). The intense surface state 
below —30 meV and a light hole band (LHB) parallel to it 
were described previously IHL Q E3, E3|. Furthermore, 
the data at 10 K in Fig. [2fa) show a heavy quasi-particle 
band dispersing down to E = — 3 meV at fen = (here- 
after QP1, black dashed lines), and a second, essentially 



flat band at E = — 10 meV (QP2, red dashed lines) be- 
tween ±0.15 A -1 , in agreement with laser- ARPES stud- 
ies of the Z-point in URu 2 Si 2 jH S3- QP1 has an 
"M-shaped" dispersion, discussed later. A crucial novel 
aspect of our data is the clearly visible onset of disper- 
sion of QP2 due to hybridization with the above LHB: 
following the flat region around fcy = 0, at momenta 
larger than ~ 0.15 A -1 , QP2 merges with LHB, form- 
ing a whole single a n-shaped" structure that is gapped 
with respect the Fermi level (Ep). The existence and for- 
mation of such a coherence hybridization gap has been 
recently studied in the case of 4/ and 5/ systems [47- 
|49j. Thus, our work provides a direct imaging of the 
hybridization gap in URu2Si2, which was so far observed 
only indirectly with optical methods 39|, [50| . As we will 
show further, similar structures are observed in the T 
and X points. Also new in our data is that, as shown 
in Fig. [2fb), the a n-shaped" structure exists at tem- 
peratures as high as 68 K, close to the onset of Kondo 
screening, while previous ARPES studies at the Z-point 
claimed that above Tho all features dissapeared or were 
not detectable [2J, |45|, |46|. However, in contrast to the 
HO state, at 68 K the binding energy of QP2 is now 
w Ep, and QP1 is not detected anymore -either because 
it shifted above Ep or because it merged with QP2. Pre- 
vious reports have shown that, in the HO state, both QP1 



and QP2 shift towards E F as temperatures rises towards 
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46l | . The data of figures [2f a b), plus data discussed 
next confirm this picture, and demonstrate that at all 
temperatures above Tho an d up to 68 K, one observes 
only the peak of QP2 around Ef, its binding energy re- 
maining essentially temperature-independent. 

Figures [2fc, d) show the second-derivative spectra at 
the Ti7 point at 1 K and 20 K, respectively. The cor- 
responding data at Z$i is presented in figures [2fe, f). 
Figs.[2fa, c, e) show that, in the HO state, QP1 and QP2 
exist both at the Z and Y points. This demonstrates that 
QP2 is not an exclusive feature of the Z point [46], but 
rather a general feature of the elecronic structure along 
r — Z . Later on, we will show that QP1 and QP2 can 
be understood on the common framework of the evolu- 
tion of the Kondo lattice across the HO transition. At 
the lowest measured temperature of 1 K, the energies of 
QP1 and QP2 at k\\ = are E QP1 = -5.5 ± 0.5 meV 
and Eqp2 = — 12 ± 1 meV, respectively. Note that the 
temperature- induced energy shifts of both QP1 and QP2, 
observed from panels at different temperatures in Fig. [2j 
and also reported elsewhere [46| , indicate that both struc- 
tures are related to the bulk physics of the HO transition. 
More important, the ultra-low temperature and high- 
resolution measurements of Figs.Efc, e) (see also the Sup- 
plemental Material) distinctly show that, at Ef, the M- 
shaped dispersion of QP1 becomes gapped in momentum 
both at T and Z, cutting through the Fermi level at two 
different Fermi momenta, such that the tips of the "M" lie 
above E F : kp ner « ±0.06 A" 1 and k° F uter « ±0.14 A" 1 . 
On the other hand, at T > T H o, Figs.Efb, d, f) show that 
the "n-shaped" structure ascribed to QP2 has shifted at 
or near Ep for the three values of k z . In particular, 
at Zsi in Fig. [2ff) (see also the raw data in the Sup- 
plemental Material), one still distinguishes traces of the 
high- momenta wings of QPl's M-like dispersion, due to 
the thermal broadening of these states lying now at or 
slightly above Ef, not well below Ef as in the HO phase 
[Fig. [2^e)]. Consequently, the momentum gap observed 
in the HO phase closes. 

Figures a, b) present the ARPES data at the X21.2 
point in the PM (22 K) and HO (10 K) states, respec- 
tively. Division by a Fermi-Dirac distribution of appro- 
priate effective temperature [21[ shows that, at both tem- 
peratures, the electronic structure corresponds to the hy- 
bridization of a LHB and a heavy electron band (HEB, 
dashed white lines, see later). In particular, the data dis- 
tinctly show the dispersing wings of the HEB occurring 
right above Ef- Additionally, figure [3] (c) shows that the 
experimental energy gap between the maximum of the 
lower hybridized band and the minimum of the upper 
hybridized band is essentially temperature-independent 
and of the order of 10 meV. Thus, contrary to T and 
Z, at X the electronic structure is not affected by the 
HO transition. This is consistent with the HO gap be- 
ing anisotropic along the Fermi surface, as suggested by 
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FIG. 3. (Color online) (a, b) Energy-momentum ARPES inten- 
sity maps at the X point of URu2Si2, using He-la photons in the 
PM (22 K) and and HO (10 K) phases, respectively. The data have 
been normalized to the Fermi-Dirac distribution of a metallic ref- 
erence at the same temperature and in electrical contact with the 
sample, measured under identical conditions [2l| . Intensity differ- 
ences between left and right image halves are attributed to matrix 
elements changing at X when going across neighboring Brillouin 
zones. Overlaid on the ARPES maps are the original (dashed 
white lines) and hybridized (solid black lines) bands used to fit 
the data (see main text), (c) Experimental values of the energy- 
maximum of the lower hybridized structure (red circles) and the 
energy-minimum of the upper hybridized structure (blue circles) 
as a function of temperature across the HO transition. 
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thermo-transport [2|, LL7j , tunneling and optical mea- 



surements 

We now introduce a phenomenological model to de- 
scribe the evolution of the electronic structure at T, Z 
and X from the Kondo lattice regime into the HO state. 
We start with the data at X, simpler than at T or Z. 
It can be fitted by a standard hybridization model (see 
e.g. Ref. [51]) between a LHB of mass ~ — 0.9m e (m e is 
the free-electron mass) and a HEB of mass ~ 50 — 70m e 
interacting through a potential V* e ~ 11 meV. The re- 
sulting "upper" and "lower" hybridized bands are shown 
by the solid black lines in Figures [3ja, b). 

Based on the above two-band hybridization at X, we 
now suggest a toy model for the spectra near Y and Z to 
capture the ingredients essential to describe the observed 
changes across the HO transition. For definiteness, we 
concentrate on the data at Z 3 i. Figure a) shows the 
second derivative of the ARPES data at Z^i in the PM 
(20 K) phase after being normalized by the Fermi-Dirac 
distribution (corresponding raw data in the Supplemen- 
tal Material). This puts in evidence the wings of a HEB 
dispersing close to Ef, confirming the observations de- 
scribed in Fig. Eff), and supporting a scenario for the PM 
state based on the hybridization of a HEB and the pre- 
viously described LHB. Furthermore, from the data at 
1 K in Fig. Efe), reproduced for clarity in the discussion 
in figure Sfb), we note that in the HO state two addi- 
tional ingredients are needed to reproduce the M-shaped 
dispersion of QP1: a strong renormalization (down-shift 
in energy) of the HEB, to account for the high- momenta 
wings of QP1 now lying well below Ef, and the introduc- 
tion of a LEB, to account for its dispersion near ku = 0. 

We assume that the hybridization potential between 
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FIG. 4. (Color online) (a, b) ARPES data at Z31 in the PM (20 K) 
and HO (1 K) phases, corresponding to the data in figures [2je, f), 
compared to the phenomenological model for the "original" (dotted 
lines) and hybridized (solid lines) bands accounting for the disper- 
sions of QP1 and QP2 in the HO phase (see main text). The upper 
part of the hybridized structure between the LEB and LHB lies out 
of the figure scale. 



the HEB and the LHB is due to the onset of Kondo co- 
herence at much higher temperature, and thus remains 
constant across the HO transition. The proposed non- 
hybridized bands are represented by the dashed lines in 
figures IHa, b), and the resulting hybridized bands by 
the black solid lines. Thus, at T > Tho m Fig. HJ^a), 
the bottom of the HEB sits at or a few meV above Ep. 
Its hybridization with the LHB gives the observed n- 
shaped structure at Ep and another structure above Ep, 
of which we can only observe the heavy electron wings. 
Well below T HO , in Fig.^b), the HEB has dropped be- 
low Ep, reaching its minimum at —8 meV. A LEB, now 
clearly present below Ep, interacts with the previoulsy 
hybridized LHB and HEB, and one distinctly observes 
the n-shaped QP2 and the M-shaped QP1. At this tem- 
perature, the best fit is obtained with a LHB of mass 
~ — 1.6m e and top energy of about 35 meV hybridizing 
with a doublet, essentially degenerate at Z, composed of 
the HEB (mass > 500m e ) and the LEB of mass similar 
to LHB, through a hybridization potential V ~ 11 meV. 

The main, robust insight from the model above is that 
to understand the dispersion of QP1 close to fen = be- 
low Tho-, ^ is essential to consider a LEB interacting 
with the LHB and HEB observed above Tho- This also 
explains why QP1 and QP2 shift by the same amount be- 
low Tho [46] : the hybridization interaction with the LEB 
repels QP2. The model does not reproduce the positive 
curvature of the QP1 wings at high momenta, possibly 
indicating that a more realistic tight-binding dispersion 
should be used for the HEB. Similarly, the energy at Z 
of the HEB and LEB in the PM state cannot be accu- 
rately determined, because details of the bands above Ep 
cannot be inferred from our data. 

Conservation of particles requires that, in the PM 
state, the LEB be already present below Ep, possibly at 
a different region in momentum. Where this band comes 
from, and why the HEB drops, are open questions. One 



possibility is band nesting or folding [H, 0, Ell, EI E3 . 

We note however that, in standard nesting or folding, one 
band is folded "rigidly" onto another [Ell : its binding en- 
ergy does not shift gradually with temperature, contrary 
to the observations, and only the gap between the origi- 
nal and folded bands changes. 

Our results demonstrate that the HO transition is in- 
timately related to the Kondo lattice of heavy- fermions 
in URu2Si2, that we observe up to temperatures close to 
the onset of coherence. Furthermore, our data explicitly 
show that the Fermi-surface instability induced by the 
HO on the Kondo lattice 21] affects differently the elec- 
tronic structure at various high-symmetry points, open- 
ing a gap in momentum at T and Z. Regardless of the 
mechanism behind the HO transition, this gap in mo- 
mentum implies the existence of a gap in energy between 
the two bands being separated, that should occur at Ep 
at other places in reciprocal space. Our model above 
indicates that such a gap is of the order of 10 meV, in 
agreement with transport experiments @,E1. Crucially, 
our data analysis strongly suggests that the HO transi- 
tion is related to the interaction between the lattice of 
heavy- fermions and a band of light electrons, thus open- 
ing gaps in the electronic structure near Ep. All these 
observations put strong constrains on theories for the HO 
transition. 
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SUPPLEMENTAL MATERIAL 

Raw data at Zg.4 

Figures Ufa, b) present the raw data for the electronic 
structure at , i.e., using Xe-I photons, as momentum- 
resolved stacks of energy distribution curves (EDCs) in 
the HO (10 K) and PM (68 K) states. The surface state 



below —30 meV 



2l|, and the "M-shaped" QP1 and 
"n-shaped" QP2", described in the main text, are all 
observed in these figures. Note in particular, in panel (a), 
the clear onset of dispersion of QP2 at momenta larger 
than ~ 0.15 A -1 , corresponding to hybridization of a 
heavy electron band with a light hole band, as described 
in the main text. Note also, from panel (b), how the 
flat, non-dispersive part of QP2 has effectively shifted to 
« E F at 68 K. 
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FIG. 5. (a, b) EDC stacks of ARPES data at Z 8 a, using Xe-I 
photons, at 10 K and 68 K respectively. The measurement direction 
is (110). QP1 and QP2 (main text) are shown by the markers and 
arrows in panel (a). The values of fey shown at the right-hand side 
scale refer to the baseline (zero-intensity level well above Ep) of 
the spectra. The bold EDCs correspond to ku = 



Raw data at the Ti7, T21.5 and Z31 points 

Figure [6] shows the raw energy- momentum ARPES in- 
tensity maps at 1 K (top row panels) and 20 K (bottom 
row) for three different photon energies corresponding to 
the Ti7 (left column), ^1.5 (middle column) and Z31 
(right column) points. 

The fine features of the spectra are best observed by 
representing the data as EDC stacks, as shown in figure[71 
At 1 K, Figs. ITlJa-c), both QP1 and QP2 are observed at 
the three values of k z . Additionally, near fey = 0, the 
EDCs of QP1 show evidence for a splitting into a fine 
double-peak structure, best observed at the ^1.5 and 
Z31 points in Figs. [TJb, c). A similar fine splitting was 
recently observed by laser- ARPES at the Z7.0 point (Ijj . 
Thus, our data shows that such fine splitting also exists 
at the T point. 

Note, from figures [6]^ a- c) and[7Ja-c), that QP1 clearly 
disperses through Ep, yielding a gap in momentum « 
0.08 ± 0.01 A -1 , described in the main text. 

At T > T HO , Figs. Od-f), the "II-shaped" structure 
ascribed to QP2 shifts to E w Ep for the three values of 
k z . Moreover, the 20 K data at Ti 7 and Z 3 i also show 
that the upper part of QP2's II-shaped structure has ac- 
tually an electron-like character, in agreement with the 
hybridization model presented in the main text. Addi- 
tionally, as can be seen in Fig. E^f), at 20 K the high- 
momenta wings of QPl's M-like dispersion still give a 
finite spectral weight at Ep, indicating that the heavy 
band forming QP1, which was located well below Ep 
in the HO phase [Fig. Efc)], has now shifted to energies 
slightly above Ep, thus closing the momentum gap ob- 
served in the HO phase. 



Raw data at Z31 and band-hybridization model 

Figures [8]^a, b) show, over a larger energy range, the 
raw ARPES intensity maps at Z 31 in the PM (20 K) 
and HO (1 K) phases. The data at 20 K, normalized by 
the Fermi-Dirac distribution, shows the wings of a HEB 
dispersing close to E F . As discussed in the main text, 
this supports our hybridization model. The proposed 
non- hybridized bands are represented by the dashed lines 
in figures [8ja, b), and the resulting hybridized bands by 
the black solid lines. 



Procedure of second-derivative rendering 

The raw photoemission intensity maps were convoluted 
with a two-dimensional Gaussian of widths ap = 3 meV 
and (Jk = 0.06 A -1 for temperatures below 10 K, and 
o E = 5 meV and a k = 0.08 A" 1 for T > 10 K. Second 
derivatives along the Eb and ku axes were normalized 
to the maximum intensity of the surface state peak, then 
averaged. Only negative intensity values, which represent 
peak maxima in the original data, are shown in the main 
text. 
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FIG. 6. (a-c) Energy-momentum ARPES intensity maps in the HO state (1 K) at the Ti7, T21.5 and Z31 points, respectively, (d-f) 
Corresponding data in the PM state (20 K). 
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FIG. 7. (a-c) EDC stacks of ARPES data in the HO state (1 K) 
at the Ti7, T21.5 and Z31 points, respectively, (d-f) Corresponding 
stacks in the PM state (20 K). The values of fey, referred to the 
baseline of the spectra, are shown at the right-hand side scale. 
The bold EDCs denote fey =0. All the EDCs in this figure were 
extracted from the intensity maps shown in figure [6] 
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FIG. 8. (a, b) ARPES intensity maps at Z31 in the PM (20 K) 
and HO (1 K) phases, respectively, corresponding to the EDC stack 
from Figs. [3c, f). Dotted and solid lines represent, accordingly, the 
"original" and hybridized bands of the scenario accounting for the 
dispersions of QP1 and QP2 in the HO phase (see main text). The 
upper part of the hybridized structure between the LEB and LHB 
lies out of the figure scale. 



